The arcA, a member of the G protein ^-subunit family, was isolated from tobacco BY-2 cells as an auxin-responsive gene. Characterization of arc A, which should help to elucidate the function of the gene product in the plant cells, was performed with emphasis on the mode of expression and the analysis of its promoter. Accumulation of the arcA message was detected only after treatments with auxins and not after treatments with other phytohormones or CdCl 2 , implying that responsiveness of arcA was exclusive to auxin. The putative arcA promoter region was fused to a reporter gene for /£-glucuronidase (GUS), and transient expression was analyzed in tobacco BY-2 cells. Two series of arc A promoter/GUS chimeric genes were constructed. One consisted of a set of 5' nested deletions of the arcA promoter connected to the gene for GUS and the other consisted of a variety of the arcA promoter fragments fused to a minimal promoter-GUS construct. The results indicated that the promoter sequence covering four sets of direct repeats ( -562 to -167) was necessary for the sufficient response of arcA promoter to auxin in BY-2 cells. Moreover, irrespective of auxin treatment, elevated activity of GUS driven by this promoter fragment was detected, a result that implies that this region behaves an enhancer in BY-2 cells.
the molecular basis of its actions is to analyze the components of auxin-induced gene expression, in connect with genetic approaches using auxin-resistent mutants (Estelle and Somerville 1987 , Timpte et al. 1992 , Lincoln et al. 1990 , Leyser et al. 1993 , Wilson et al. 1990 ) and biochemical approaches focused in particular on auxin-binding proteins (Inohara et al. 1989 , Hesse et al. 1989 , Campos et al. 1992 , Barbier-Brygoo et al. 1989 . We have cloned three auxin-regulated genes, parA, parB and parC, which have possibility to play roles in the dedifferentiation of tobacco mesophyll protoplasts (Takahashi et al. 1989, Takahashi and Nagata 1992a, b) . We also isolated another auxin-regulated gene, arcA, from a cultured tobacco cell line, BY-2 (Ishida et al. 1993) . arcA is expressed during the process whereby BY-2 cells regain the ability to divide after auxin starvation for 3 days. Among auxin-regulated genes, arcA is unique, in that it exhibits no similarity to other auxin-regulated genes identified to date. Structural analysis revealed that its gene product is a member of an extended family of protein with WD-40 repeats, of which a representative is the P subunit of heterotrimeric G proteins (for review, see Neer et al. 1994) . Members of the WD-40 repeat family have been identified ubiquitously among eukaryotic cells and shown to be involved in various events, such as gene expression, signal transduction, secretion, RNA splicing, neurogenesis, photomorphogenesis of plant and cell cycle progression. Within this WD-40 family, arcA seems to belong to a specific category represented by RACK1. RACK1 is a receptor for activated C-kinase in rat (Ron et al. 1994) , and its homologues have been found in Chlamydomonas (Schloss 1988) , as well as in human (Reiner et al. 1993 ) and chicken (Guillemot et al. 1989) . Although the presence of C-kinase has not been unambiguously demonstrated in plants, the similarity of arcA to RACK1 (68% identity at the amino acid sequence level) and the ubiquitous presence of RACK1 homologues among a wide range of eukaryotes suggest a universal indispensable function in some essential cellular processes. Thus, it is of interest to characterize arcA, since this gene, which may share a function common to genes in other eukaryotic organisms, is regulated by auxin, a plant-specific growth regulator. In this study, to assist in delineation of the function of the arcA gene product, the mode of expressions of the arcA gene and factors affecting its expression were examined. Then the auxin-responsive cis-acting region of the arcA promoter was investigated.
Materials and Methods
Northern hybridization-Suspension cultures of tobacco BY-2 cells, derived from Nicotiana tabacum L. cv. Bright Yellow 2, were maintained as described by Nagata et al. (1992) . The resumption of meristematic activity of auxin-starved tobacco BY-2 cells upon the addition of 2,4-D was induced essentially as described previously (Ishida et al. 1993) . Twenty fig of total RNA were electrophoretically fractionated on a 1.2% agarose gel, transferred to a nylon membrane, and then allowed to hybridize with radio-labeled probes synthesized by random-priming. Hybridization was performed at 65°C for 20 h in 6 x SSC containing 0.1% SDS, and membranes were washed with 2 x SSC/0.1 % SDS at 65°C. Inducibility by various chemicals after 2,4-D starvation was investigated by adding following chemicals to the culture medium as follows: 0.9 //M (0.2 mg liter"') 2,4-D; 11.4 fiM (2 mg liter"') IAA; 5.4 fiM (1 mg liter" 1 ) 1-naphthaleneacetic acid (NAA); 4.4 fiM (1 mg liter" 1 ) 6-benzylaminopurine (BAP); 1 mM 1-amino-cyclopropane-1-carboxylic acid (ACC); 5j*M ABA; 5 fiM gibberellic acid (GA 3 ); and 100fiM CdCl 2 . Cycloheximide (CH) was added to 3.5 fiM 45 min prior to application of 0.9 fiM 2,4-D.
Southern hybridization-Genomic DNA isolated from BY-2 cells was analyzed by DNA blot hybridization with a portion of arcA cDNA that had been labeled with 32 P as probe. After hybridization, the membrane was washed at 65°C in 2xSSC containing 0.1% SDS for high-stringency conditions. Alternatively, the membrane was washed at 55°C for low-stringency condition in the same solutions.
Isolation of genomic clones-After several rounds of screening, seven recombinant phages were isolated from 2.0 x 10 6 clones of a genomic library of N. tabacum that had been constructed in EMBL3 (Clontech, CA, U.S.A.) with a 300-bp fragment, from the 5' region of arcA cDNA, as probe. Among clones that give a positive signal, two clones (AH-6 and AH-4) were shown to match one of the cDNA sequences exactly, and AH-6 was selected for subsequent analysis because this clone included the entire sequence of the arcA gene. A 1.5-kb fragment of AH-6, covering the 5' flanking region of the arcA gene, was sequenced by the dideoxynucleotide chain-termination method (Sanger et al. 1977) .
Primer extension-The initiation sites of transcription of the arcA gene were determined by primer extension analysis. A specific primer (30-mer) complementary to nucleotides from + 122 to + 151 of arcA cDNA was synthesized (Fig. 3) . Two pmols of 5' end-labeled primer were allowed to hybridize with 4 fig of heat-denatured poly(A) + RNA from 2,4-D-starved or 2,4-D-induced cells in a 35-fi\ reaction mixture containing 40 mM Tris (pH 7.5), 0.4 M NaCl, 1 mM EDTA, and 0.2% SDS at 55°C for 16 h. The annealed primer was extended with 19 units of M-MLV reverse transcriptase (United States Biochem. Corp., OH, U.S.A.) in iOfii of a reaction mixture containing 50 mM Tris (pH 7.5), 75 mM KC1, 3 mM MgCl 2 , 20 mM dithiothreitol, 1 mM each dNTP and 19 unit of RNase inhibitor from human placenta (Takara Shuzo Co., Ltd., Kyoto, Japan) at 37°C for 1 h. The products were analyzed on a 6% polyacrylamide/8 M urea sequencing gel together with single-stranded M13 DNA that had been subjected to sequencing reactions as a source of size markers.
Transient expression assays-(i) Construction of chimeric plasmids harboring the arcA promoter. A series of nested 5'deletions was created as follows. The HindUl (-I,406)/Scol (+120) fragment of the arcA gene, retaining the cap site and the coding region for six amino acids including the initiation codon, was inserted between the HindUl and the filled-in Xbal site of 0-glucuronidase-nopaline synthase (GUS-NOS) cassette derived from plasmid pBI101.3, a Ti plasmid vector (Clontech). This cassette had been subcloned into plasmid pUC18. The resultant chimeric plasmid was designated pAHindlll-G\JS. In this construct, the coding region of arcA for 6 amino acids and the GUS gene were connected in frame, followed by the NOS termination site. pzl///>idIII-GUS was digested with £coRI or Sspl or Aflll, each of which has restriction site(s) in the promoter sequence of arcA. The protruding 5'ends were filled-in, and then fragments were digested with BamHl in a polylinker of the GUS-NOS cassette, to create truncated 5-deletion promoter fragments. This series of fragments of truncated promoters was inserted between the Pstl site, whose end had been blunted, and the BamHl site of the GUS-NOS cassette of pBHOl .3 in pUC18, giving rise to pJ£coRI-GUS, pASspl-GUS, p/44/711-GUS (Fig. 5) . A series of arcA promoters combined with the parB minimal promoter (Takahashi et al. 1995) was generated as follows. TheparB minimal promoter, which consisted of the sequence spanning from 4-bp upstream of the TATA box to the coding region for 6 amino acids, including the initiation codon, was translationally fused to the GUS-NOS cassette of the pBHOl.l Ti plasmid vector. The resultant construct was designated pBmin-GVS. The //mdlll/filled-in £coRI fragment from pHindlll-GUS (spanning the region from -1,406 to -1,018 of the promoter sequence), the 7//'«dIII/filled-in Aflll fragment and the Hindlll/Sspl fragment from p£coRI-GUS (-1,022 to -558 and -1,022 to -369, respectively), the ///ndlll/filled-in Aflll fragment from p&pI-GUS (-349 to -163) , and the Hindlll/Smal fragment from p4/7II-GUS (-167 to -53) were introduced between the HindUl site and the Pstl site, whose end had been blunted, of pBmin-GUS, giving rise to pHind/Eco-GUS, pEco/ 4/7-GUS, pEco/Ssp-G\JS, pSs/pAfl-G\JS, and pAfl/Sma-GVS, respectively. The Aflll/Aflll fragment (-562 to -164) and the Aflll/Sspl fragment (-562 to -369), whose 5' protruding ends had been filled-in, were inserted between the filled-in Sphl site in the polylinker of pBmin-GVS, giving rise to pAfl/Afl-GUS and pAfl/Ssp-GVS, respectively (Fig. 6 ).
(ii) Preparation of protoplasts. Protoplasts were prepared from BY-2 cells harvested 3 days after subculture as described previously (Okada et al. 1986 ). In brief, after collection by centrifugation, cells were treated with 1% cellulase Y-C and 0.1% pectolyase Y-23 (both enzymes from Seishin Co., Ltd., Tokyo, Japan) for removal of cell walls. After incubation for 1 h at 30 c C, the resultant protoplasts were washed with 0.4 M mannitol.
(iii) Electroporation. Protoplasts were transfected with plasmid DNA by electroporation as described (Okada et al. 1986 ). Twenty fig of plasmid DNA and polyethylene glycol 6000 at a final concentration of 1% (w/v) were sequentially added to a suspension of 3-5 x 10 6 protoplasts in 700 fi\ of 5 mM MES (pH 5.8), 70 mM KC1, 0.3 M mannitol, to yield a final volume of 800 fil. After pulses had been delivered (voltage, 300 V; capacitance, 12/*F; Gene Pulser Transfection Apparatus; Bio-Rad, CA, U.S.A.) in a cuvette whose electrodes had a 0.4-cm clearance, the suspension was incubated on ice for 10 min and started to incubation in 12 ml of modified Linsmaier and Skoog's medium (Linsmaier and Skoog 1965) containing 0.4 M mannitol and 1% sucrose, with or without 0.9 fiM 2,4-D, at 27°C overnight (Nagata et al. 1992) .
(iv) Assay of GUS activity. For assays of GUS activity, cultured protoplasts were collected by centrifugation at 100 xg for 2 min and lysed by sonication for 1 min in 0.2-0.5 ml of extraction buffer [50 mM sodium phosphate (pH 6.5), 10 mM EDTA, 0.1% Triton X-100, 0.1% sodium N-dodecanoylsalcosinate and 10 mM /?-mercaptoethanol] at 0°C. After removal of any solid material from the extract by centrifugation at 14,000 xg for 10 min, a portion of the supernatant was subjected to quantification of protein and the remainder was assayed for GUS activity by the fluoromeric method (Jefferson 1987) . The cell extract was incubated with 0.9 mM 4-methylumbelliferyl-/?-D-glucuronide in 0.55 ml of extraction buffer. After appropriate intervals, 0.1 ml of the reaction mixture was transferred to 0.9 ml of 0.2 M Na 2 CO 3 and then subjected to determination of the fluorescence of 4-methylumbelliferone with excitation of 365 nm and emission of 455 nm in a spectrofluorometer (F-2000; Hitachi Co., Ltd., Tokyo, Japan).
Results

Mode of expression of arc A-The responsiveness of
arcA to 2,4-D was clearly demonstrated by Northern hybridization, with the accumulation of arcA mRNA being observed from lh through 12 h after 2,4-D application (Ishida et al. 1993 ). This effect of 2,4-D was mimicked by the effects of IAA, a natural auxin, and NAA, but not by those of BAP, ABA, gibberellin (GA 3 ) and ethylene, whose effects were examined by the addition of its biosynthesis precursor (ACC) (Fig. 1) . Thus, it seemed that the responsiveness of arcA was exclusive to auxin. Although the accumulation of transcripts of several auxin-regulated genes in response to CdCl 2 has been reported (for review, see Takahashi et al. 1994) , similar effects of CdCl 2 on the accumulation of arcA mRNA were not observed ( Fig. 1) . On the other hand, the application of CH, a protein synthesis inhibitor, prior to the addition of 2,4-D to the culture medium markedly reduced the accumulation of arcA mRNA (Fig. 1) . Heat treatment was also observed to have no positive effect on the induction of arcA (data not shown).
Examination of the tissue specificity of the arcA expression revealed that the arcA gene was expressed predominantly in root tips, and the transcript was also abundant during the logarithmic phase of growth of tobacco BY-2 cells cultured in vitro (Ishida et al. 1993 ). This latter observation prompted us to examine the expression of arcA during the cell cycle. However, no differences in the accumulation of the arcA message was observed among the cells at the four stages of the cell cycles, which had been prepared from a highly synchronized population of tobacco BY-2 cells whose synchrony had been induced by the treatment with aphidicholin, as described by Nagata et al. (1992; data not shown) .
Cloning of the arcA gene-To gain insight into the ciselements that control expression of the arcA gene, we isolated the gene. When we performed DNA blot hybridization of genomic DNA prepared from tobacco BY-2 cells using part of arcA cDNA, to estimate the copy number of the arcA gene, the hybridization blot revealed several bands at high stringency conditions (Fig. 2, panel A) . Under low-stringency conditions, a few additional faint bands were generated (Fig. 2, panel B) , suggesting the existence of several genes that are structurally related to arcA in the genome of tobacco BY-2 cells.
Subsequent screening of 2 x 10 6 clones of the tobacco genomic library with a 300-bp fragment of the 5' region of arcA cDNA resulted in isolation of seven clones representing positive signals. Since these seven clones were proved to be derived from four distinct fragments of tobacco chromosomes that had been partially digested with Sau3Al, four representative clones among the seven iso- Each lane was loaded with 25 /ig of BY-2 DNA that had been digested with Hindlll, with EcoKl and Pstl, or with BgM. The 0.3-kbp fragment of arcA cDNA was radio-labeled by random priming. Hybridization and washing were carried out as described in Materials and Methods. lated clones were subjected to further structural analysis. Southern blot analysis of these four clones with a 58-bp fragment from the 5' non-coding region of arcA cDNA allowed selection of two clones, AH-4 and AH-6, whose sequences completely matched that of one of the arcA cDNAs. Matching was determined by comparing sequences that included the 5' non-coding region of the cDNA. A 7-kb Hin&Wl fragment of AH-6, which seemed to include the entire arcA gene, was subcloned into pUC 18 and restriction sites were determined. After a comparison of maps of restriction sites between AH-6 and cDNA, a 1.5-kb fragment covering the 5' flanking region of cDNA was sequenced (Fig. 3) .
Determination of initiation sites of transcription by primer extension-To define the initiation site of transcription of arcA, primer extension was carried using a synthetic 30-nucleotide DNA (Fig. 3, underlined) as a primer and poly(A) + RNA templates prepared from BY-2 cells that had been treated with or without 2,4-D after the 2,4-D starvation (Fig. 4) . Two extended products of the primer, which ended 100 nucleotides and 93 nucleotides upstream from the initiation site of translation, respectively (Fig. 4 , in- (Fig. 3) . Sequencing reactions for M13 single-stranded DNA were also subjected to elec'trophoresis as a source of size maker. dicated by arrows), were specifically detected when poly(A) + -RNA from 2,4-D-treated cells was used as template. Additional minor bands were also observed below the two major bands corresponding to a stretch of -35 nucleotides relative to the major fragment that represented extension by 100 nucleotides (Fig. 4) . The band that represented extension by 98 nucleotides from the initiation site of translation was observed in both mRNA populations obtained with or without 2,4-D treatment. Thus, they may have been derived from mRNAs that annealed with the primer other than the arcA message itself since arcA was specifically expressed in auxin-treated cells (Ishida et al. 1993 ). The nucleotides were numbered by reference to the most distant initiation site of transcription that was specifically detected in the analysis of the 2,4-D-treated cells (100 nucleotides upstream of the initiation codon; Fig. 4, arrow) .
Assay of transient GUS activity driven by the arcA promoter in tobacco BY-2 cells-
In an attempt to identify auxin-responsive cis-acting elements, a series of 5'-truncated deletions in the arcA promoter region was constructed as described in Materials and Methods. As shown in Figure 5 , the GUS activity due to pAHindMl was increased in tobacco BY-2 protoplasts upon the treatment with auxin (2,4-D). Deletion of 384 bp from position -1,406 to position -1,022 affected neither the induction by auxin nor the basal expression of the GUS gene ( Fig. 5; AEcoRl) , further deletion to position -349 resulted in a marked decrease in the GUS activity induced by auxin ( Fig. 5; ASsp\) . Thus, it seemed that the sequence between -1,022 to -349 in the 5' flanking region was responsible for the expression of the arcA gene in response to auxin. Deletion to -167 completely nullified the increase in the expression of GUS induced by auxin ( Fig. 5; AAflll) .
Close inspection of the sequence of arcA between position -1,022 and -167 revealed that there were four sets of repeated sequences (Fig. 3) , aligned in the same orientation: a 14-bp repeat ( -560 to -547 and -504 to -491; 72% homology); a 10-bp repeat (-479 to -470 and -472 to -463; 86% homology); a 12-bp repeat (-443 to -432 and -414 to -404; 64% homology), and a 98-bp repeat (-322 to -224 and -223 to -133; 70% homology) . The last and longest repeat located in the 5'-flanking sequence seemed not to be involved in responsiveness to auxin.
Several segments of the promoter region were connected to a minimal promoter of parB (-33 to +85) to delineate the auxin-responsive region between position -1,022 and -349 (Fig. 6) . Non-responsiveness of this minimal promoter to auxin was demonstrated by Takahashi et al. (1995) . Transfection of protoplasts with the construct Afl/Sma (-167 to -53), as well as the construct with the parB minimal promoter, did not result in responsiveness to auxin. Auxin-induced expression of GUS was observed with the construct Afl/Afl (-562 to -167), which covered the above-mentioned four pairs of repeated segments. Dissection of the Afl/Afl segment by Sspl resulted in two shorter constructs; Afl/Ssp (-562 to -369) and Ssp/Afl (-349 to -167). Each of these was associated with responsiveness to auxin, as shown in Figure 6 . However, the induced GUS activity of Afl/Ssp and of Ssp/Afl was much lower than that of Afl/Afl, suggesting that the four sets of repeats in the same sequence might be indispensable for full expression of the responsiveness of this promoter to auxin. This result coincided with the markedly reduced inducibility of the construct with Eco/Ssp fragment which included only three sets of repeated sequences.
Discussion
We demonstrated in this study that induction of the arc A gene expression was quite specific to auxin. arcA did not respond to other phytohormones, BAP, gibberellin (GA 3 ), ethylene or ABA (Fig. 1) . The responsiveness of the arcA expression to auxin was inhibited by pretreatment with CH (Fig. 1) , suggesting that continued protein synthesis is required for the response of this gene to auxin. One interpretation of the result is that arcA is not primarily an auxin-responsive gene. However, the kinetics of arcA gene induction in the time course of treatment with 2,4-D demonstrated the accumulation of the message within 1 h after the start of treatment (Ishida et al. 1993 ). This evidence does not exclude the possibility that arcA was induced as the primary response to auxin. In the latter case, the effect of CH indicates that a proteinaceous factor(s), which might be labile and rapidly metabolized, seemed to be required for the expression of arcA. With regard to the effects of CH on the expression of other auxin-regulated genes, it have been reported that treatment of tissues with CH alone induces expression of several auxin-regulated genes, such as PS-IAA (Theologies 1986), SAURs (Franco et al. 1990) , and par A (Takahashi et al. 1991) . The effects A: schematic representation of the arcA 5' flanking sequence (solid line) from position -1,406 to the coding region (hatched box) with the location of the four sets of repeats, which are displayed by a pair of arrows and three pairs of arrowheads. The initiation site of transcription (+1, Cap) and restriction sites are indicated along the solid line. ATG just above the hatched box of the coding region represents the codon for translation initiation. Continuous horizontal lines represent the arcA sequences fused to theparB minimal promoter. B: the construct with the minimal promoter of parB (Takahashi et al. 1995) . The sequence of parB spanning from position -33 to position +85 (hatched box) was fused to the GUS gene (black box) in frame. Cap, the initiation site of transcription; TATA, TATA consensus sequence. C: GUS activity expressed in transfected BY-2 protoplasts after culture with (closed bars) and without (open bars) 2,4-D. In each column the data represent after statistical calculation of five independent electroporations and error bars indicate standard errors. Eco/Ssp to Afl/Afl, constructs containing arcA /parB chimeric promoters; parB Min., construct containing only the minimal promoter from parB.
of CH on the expression of these auxin-regulated genes has been suggested to involve labile negative repressors of transcription in the case of PS-IAA4/5 (Ballas et al. 1995) or post-transcriptional instability of mRNA in the case of SAURs (Li et al. 1994a) . In this context, if a labile protein(s) were to be involved in the induction of arcA expression, it would be of importance to characterize such a factor(s) as a part of efforts aimed at elucidation of the function of arcA. The effect of CdCl 2 on the expression of arcA (Fig. 1) was distinct from those observed in the case of other auxin-regulated genes, such as members of the par A gene family, which can be induced by treatment with CdCl 2 alone (Takahashi et al. 1994 ). Thus, it seems that the auxin-mediated signal transduction pathway that leads to expression of arcA might be different from that of other auxin-regulated genes. If this assumption is legitimate, the interaction of parallel pathways leading the expression of individual auxin-regulated genes is possible.
Southern hybridizations was performed to estimate the copy number of arcA. There seemed to be several arcA genes in the tobacco genome ( Fig. 2A) , a result consistent with the fact that another cDNA clone was isolated previously (Ishida et al. 1993 ) that was almost identical to the cDNA clone examined here. Furthermore, other cDNA sequences closely related to those of arcA cDNAs were detected, and we have isolated some genomic clones that appear to be related to the arcA cDNA reported here but are not identical to it (data not shown). These cDNAs might be a reflection of the amphidiploid nature of the tobacco genome, which remains to be determined conclusively. On the other hand, hybridization under low-stringency conditions (Fig. 2B) revealed the presence of a few copies of genes that are structurally related to arcA. In the transient expression assay in BY-2 cells, with 0.9//M 2,4-D as the inducer, we found that the auxin-responsive region of arcA was confined to the Afl/Aft segment (-562 to -167) of the arcA promoter, in which four sets of characteristic direct repeats were recognized (Fig. 6 ). It appears that the simultaneous presence of the four sets of repeats is a prerequisite for the full-scale activity of the promoter. The dissection of this segment by digestion at the Sspl site into two short segments, which retained three pairs of direct repeats and one repeat, respectively, markedly reduced the promoter activity, even though responsiveness to auxin was preserved in the two segments Afl/Ssp and Ssp/Afl. The elevated GUS activity associated with the Afl/Afl segment, irrespective of any treatment with auxin, suggests also that this segment might function as a transcriptional enhancer in tobacco BY-2 cells. The response to auxin of arcA promoter reported in this study was not very strong, as compared with those of promoters of other well-characterized auxinregulated genes (Ballas et al. 1995 , Li et al. 1994a , Takahashi et al. 1995 . This result could be attributable to incomplete auxin starvation before the GUS assays. Marked induction of GUS expression by auxin would be expected after the thorough elimination of auxin from cells since arcA was isolated under strictly auxin-starved conditions. However, the complete removal of auxin for our transient expression assay was not possible, because lengthy incubation of protoplasts without auxin markedly reduced their viability, with resultant reduction of GUS activity, furthermore, the preparation of protoplasts from auxin-starved cells is not possible at present. Nevertheless, because of the reproducibility of our results, we consider them to be significant. In this context, it should be also noted that our experiments were carried out in a homologous system, namely, a gene isolated from tobacco was examined in tobacco. Since it has been demonstrated by Li et al. (1994a) that auxin-responsive elements (AREs) from SAUR and GmAux28 from soybean are not operative in a heterologous experimental system, namely, in carrot cultured cells, the advantages of the homologous system described here are quite obvious.
To date, auxin-responsive elements have been identified only in several of the two dozen auxin-regulated genes so far reported (Takahashi et al. 1994 ). Auxin-responsive elements of 48 bp and 44 bp were identified in the promoter of PS-IAA4/5, which was isolated as an auxin-regulated gene from elongating tissue of pea, by a transient expression assay in pea protoplasts at physiological concentrations of IAA (20 /uM; Ballas et al. 1995) . The sequence TGTCCCAT in the 48-bp element has been found in the promoters of other auxin-regulated genes from elongating tissues, while such a sequence seems not to be related to the response of auxin-regulated genes that were identified during the process of induction of cell division, such as parA (Takahashi et al. 1991) , parB (Takahashi et al. 1995) and parC (Sakai, T., unpublished data). This observation is consistent with the fact that the sequence of TGTCCCAT was not observed in the promoter of arcA. In the promoters of GH3 and SA URs, isolated from soybean hypocotyls, several auxin-responsive sequences have been defined , Li et al. 1994a ). The auxin-responsive sequences of 25 bp and 30 bp in GH3 and of 30 bp in SA URs were identified in heterologous assay systems, such as carrot protoplasts and transgenic tobacco, respectively, with a high concentration of NAA (50//M, Li et al. 1994b ) as the inducer. Although one of the sequences (TGTCTC) that was conserved in these elements was recognized in the arcA promoter (-940 to -935 and -681 to -676, Fig. 3 ), these sequence were outside the putative auxin-responsive region in the arcA promoter. In addition, the Eco/Aft fragment (-1,022 to -562), which contained two TGTCTC sequences but not all of the four repeated sequences, exhibited no inducibility by auxin (1.1-fold induction; data not shown). These results rule out the participation of the TGTCTC sequence in the induction of arcA by auxin. This result supports the concept that auxin-responsive elements in elongating tissues might be distinct from those in dividing tissues (Takahashi et al. 1995) . Until recently, the as-1 element was claimed to be the shortest stretch of auxin-responsive sequence. However, this sequence is probably a stress-responsive element that is sensitive to higher concentrations of auxin because as-1 only responds to auxin at 50 to 100 fxM (Liu and Lam 1994) . Furthermore, genes containing an as-1 (-like) element in their promoters were reported to respond many compounds other than auxin. They were induced by salicylic acid, methyl jasmonate and inactive hormone analogues (Kim et al. 1994 , Qin et al. 1994 , Zhang and Singh 1994 , or CH and CdCl 2 (Takahashi et al. 1991) . arcA does not have any as-1-like sequence in its promoter region. Thus, arcA should not respond to inactive auxin analogues, salicylic acid or methyl jasmonate. Takahashi et al. (1995) identified two auxin-responsive elements, of 48 bp and 95 bp in length, respectively, in the promoter of parB, which had been isolated during the induction of cell division in tobacco mesophyll protoplasts. The consensus sequence of auxin-responsive elements (ARE I and II) was not conserved in the promoters of auxin-responsive genes from elongating tissues. Moreover, the auxin-responsive elements in the arcA promoter might be different from those identified in parB, since no apparent sequence homology between the auxin-responsive region of arcA and that of the parB promoter was observed. Recently, Ulmasov et al. (1995) demonstrated that auxin-responsive elements have a composite structure, consisting of a constitutive element adjacent to a conserved TGTCTC element that confers inducibility by auxin. Their report is in harmony with the results of our analysis of the arcA promoter (Fig. 6) . The Afl/Afl fragment had auxin inducibility, as well as enhancer-like activity. In addition, it seems that there might be a tendency for auxin-responsive regions in auxin-responsive promoters to cause significant elevation of basal GUS activity, as demonstrated for parB (Takahashi et al. 1995) andparC (Sakai, T. unpublished data). Thus, the available evidence suggests that several elements act to allow inducibility by auxin in cooperation.
The various characteristics of the mode of expression of arcA and the responsiveness of the arcA promoter demonstrated in this report seem to provide several hints about the role of arcA in the auxin action in plant cells. Promoter analysis of the arcA gene revealed that arcA is unique among known auxin-regulated genes, extending the previous observation that arcA is structurally distinct from other auxin-regulated genes. Furthermore, unlike other auxin-regulated genes, the responsiveness to auxin was suppressed by CH, implying the possibility of a role of proteinaceous factor(s) in its signal transduction chains. Further characterization of arcA and detailed comparisons of its expression with other auxin-responsive signal-transduction chains are clearly required in further study.
